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I 

I n  t h e  study of chemical evolu t ion  we a r e  i n t e r e s t e d  i n  t h e  path by which 
molecules of  b i o l o g i c a l  s i g n i f i c a n c e  could have been formed on t h e  pr imi t ive  
e a r t h  i n  t h e  absence of l i f e .  It i s  genera l ly  accepted t h a t  t h e  pr imi t ive  
atmosphere of the  e a r t h  c o n s i s t e d  mainly of methane, a-monia, and water. Various 
forms of energy such as u l t r a v i o l e t  l i g h t  f r m  t h e  sun, e l e c t r i c a l  discharges,  
hea t ,  and ion iz ing  r a d i a t i o n  a c t i n g  on t h i s  atmosphere must have given r i s e  t o  
a wide v a r i e t y  3f organic  substances.  

Table I gives a summary of  t h e  sources  of energy 03 t h e  e a r t h ' s  sur face  
today. (1) It is probable, t h e r e f o r e ,  t h a t  s o l a r  energy must have made t h e  
p r i n c i p a l  cont r ibu t ion  t o  t h e  s y n t h e s i s  of organic compounds i n  pr imordia l  
times. Next i n  importance a r e  e l e c t r i c  discharges,  such as l i g h t n i n g  and corona 
discharges from pointed objec ts .  These occur c l o s e r  t o  t h e  e a r t h ' s  sur face  and, 
hence, would have more e f f e c t i v e l y  t r a n s f e r r e d  t h e  organic  matter synthesized 
t o t h s  pr imi t ive  oceans. This  paper  descr ibes  a t tempts  t o  s imulate  some o f  t h e  
r e a c t i o n s  which may have taken  p l a c e  on t h e  p r e b i o t i c  e a r t h ,  through t h e  a c t i o n  
of e l e c t r i c  discharges. 

While extensive work has  been done on t h e  e f f e c t  of e l e c t r i c  discharges on 
var ious  organic  molecules, r e l a t i v e l y  few experiments have been performed t o  
e l u c i d a t e  i t s  role i n  che.mica1 evolut ion.  Some of t h e  e a r l i e s t  such inves t iga-  
t i o n s  were car r ied  out by t h e  chemist Haber. 
Beginning on the  Ear th ,"  r e c a l l s  how Haber performed numerous experiments i n  which 
e l e c t r i c a l  discharges were s e n t  through carbon containing gases  l i k e  methane, 
carbon dioxide,  e tc . ,  w i t h  t h e  a i m  of  ob ta in ing  sugars. ( 2 )  Although t r a c e s  
of some sugars were formed, a l a r g e  number of var ious  o t h e r  substances were 
a l s o  synthesized. Haber thus  came t o  t h e  conclusion t h a t  by means of e l e c t r i c a l  
d i scharges  through carbon conta in ing  gases, " p r a c t i c a l l y  any substance known t o  
organic  chemistry can be found." 

Beutner, i n  h i s  book e n t i t l e d  "Life 's  

Perhaps t h e  most c e l e b r a t e d  experiment i n  t h i s  f i e l d  was performed by  Stanley 
Miller i n  Urey's l a b o r a t o r y  i n  1953. Miller submitted a mix tu re  of methane, 
ammonia, and water i n  t h e  presence of hydrogen t o  e l e c t r i c a l  discharges from t e s l a  
c o i l s .  A l a r g e  number of  organic  compounds were formed. Among these ,  four amino 
a c i d s  were i d e n t i f i e d .  M i l l e r  pos tu la ted  two a l t e r n a t i v e  p o s s i b i l i t i e s  f o r  t h e  
mechanism of  synthes is  of amino ac ids .  According t o  t h e  f i r s t ,  aldehydes and 
hydrogen cyanide are synthes ized  i n  t h e  gas phase by t h e  spark. 
and hydrogen cyanide react i n  t h e  aqueous phase t o  g ive  amino and hydroxyni t r i les .  
These n i t r i l e s  a r e ,  i n  t u r n ,  hydrolyzed t o  amino and hydroxy ac ids .  The mechanism 
i s  e s s e n t i a l l y  a S t r e c k e r  synthes is .  A s e c m d  suggestion made was t k a t  t h e  amino 
and hydroxy ac ids  were synthes ized  i n  t k  gas phase by ions  a d  r a d i c a l s  produced 
i n  the e l e c t r i c a l  discharge.  MiUer's subsequent work  has shown that t h e  f irst  
mechanism i s  the one most l i k e l y  t o  have produced the amino acids .  ( 4 )  The r a t e  
of product ion of aldehydes and hydrcgen cyanide by t h e  spark and t h e  r a t e  of 
hydro lys is  of the a m i n o n i t r i l e s  were s u f f i c i e n t  t o  account f o r  t h e  t o t a l  y i e l d  
of amino ac ids .  

(3) 

These aldehydes 
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I n  O u r  experimental work, we have endeavored t o  study t h e  mechanism by which 
var ious molecules of b i o l o g i c a l  i n t e r e s t  could have been formed by t h e  a c t i o n  of 
e l e c t r i c a l  discharges. A s e r i e s  of experiments w a s  ou t l ined  i n  which t h e  s t a r t i n g  

b mater ia l s  were vaxied. Four d i f f e r e n t  c lasses  of experiments have been performed; 
with methane; w i t h  methane and ammonia; w i t h  methane, ammonia, and water; and with 
methane and water. 

I 
1 -  

, high i n t e n s i t y  a r c  discharge on gaseous methane w a s  f i rs t  inves t iga ted .  
through t h e  discharge was measured by t h e  vol tage  drop a c r o s s  a resistor with t h e  

( C e l l .  For t h e  semi-corona discharge,  t h e  c e l l  cur ren t  was 0.4 m. amp, 0.5 m. amp 
, f o r  t h e  low a r c ,  and 10 m. amp f o r  t h e  high a r c  discharge.  
mass spectrometry were used f o r  t h e  a n a l y s i s  of t h e  end products. 

t s u l t s  of t h e  a n a l y s i s  of hydrocarbons up t o  C 5  a r e  shown i n  Table 11. 
cmona most of t h e  methane remained unreacted a f t e r  a 24-hour discharge.  
and propane were formed. 
p a r a f f i n s .  

The e f f e c t  of a semi-corona discharge,  a low i n t e n s i t y  a r c  discharge,  and a 
The cur ren t  

Gas chromatography and 
Comparative re- 

I n  t h e  semi- 
Some ethane 

There were small amounts of ethene, propene,-and s u b s t i t u t e d  
In  the case of t h e  low and high a r c s ,  e thylene  and ace ty lene  were a l s o  > present .  

The a n a l y s i s  of t h e  hydrocarbons fram Cg - Cg r e v e a l s  that t h e  semi-corona 
gave unsaturated substances while t h e  a r c  discharge gave rise t o  aromatic  compounds. 

w a s  poorly resolved. 

order  of magnitude. 

i The semi-corona c e l l ' y i e l d e d  a c o l o r l e s s  d i s t i l l a t e ,  t h e  gas chromatogram of  which 
The high i n t e n s i t y  a r c  gave a yellow f l u i d ,  t h e  chromatogram 

\ of which had w e l l  spaced peaks. Benzene w a s  t h e  most abundant wi th  to luerenext  i n  

, t h e  use of mass spectrometry as: 2,2-dimethyl butane, 2-methyl pentane, +methyl 
I pentane, 2,b-dimethyl hexane, 3,4-dimethyl hexane. I n  f i g u r e  1 t h e  chromatogram 
:I of t h e  semi-corona discharge products (low) has  been superinposed on t h a t  from t h e  
~ high i n t e n s i t y  a r c  (high). 

1 more t h a n  by  any f a c t o r .  

The peaks from t h e  semi-corona chromatogram w e r e  i d e n t i f i e d  by 

The r e s u l t s  presented here  show t h a t  t h e  charac te r  of 
compounds i n  t h e  range 3f i n t e r e s t  appears t o  be determined by t h e  t y p e  of discharge 

(5) 
1 W e  have a l s o  examined t h e  composition of t h e  hydrocarbons above C 9  i n  t h e  prod- 

u c t s  of t h e  semi-corona discharge.  
No normals 31' branched-chain isoproprenoid hydrocarbons were i d e n t i f i e d .  Analysis 

The gas  chromatogram is very unresolved (Fig. 2).  

\ of t h e  mixture by mass spectrometry shows t h a t  t h e  compounds are p o s s i b l y  c y c l i c  
1 i n  s t r u c t u r e .  (6) 

1 The e f f e c t  of a n  arc discharge on anhydrous methane and ammonia was next  inves- 
t i g a t e d  f o r  two reasons. 

Secondly, r e a c t i o n s  of t h i s  type would simulate, t o  some exten t ,  condi t ions  which 
may e x i s t  on t h e  p lane t  Jupi ter .  

I n  t h i s  inves t iga t ion ,  we have used r e a c t i o n  v e s s e l s  of about a l i t e r  i n  

F i r s t l y ,  such a s tudy would he lp  us t o  understand t h e  
' pathways by which some organic  compounds such as amino a c i d s  can be synthesized.  

'' 

' vglume containing a n  equimolar mixture anhydrous methane and ammonia up t o  a pres-  
),sure of  0.5. 

, ' \and (3)  a ruby colored residue.  

1 
1 d i s t i l l a t e .  

The f r a c t i o n s  corresponding t o  each peak 
'' were c o l l e c t e d  f o r  subsequent mass spectrometr ic  a m l y s i s .  1 t h e  m s s  spectrometr ic  f ragmentat ion p a t t e r n ,  and t h e  NMR spectrum e s t a b l i s h e d  t h e  

The e l e c t r d e s  cons is ted  of gold wires about 1 cm apart. A t y p i c a l  
r e a c t i o n  l a s t e d  f o r  about 1.5 hours. 
about 0.5 mA. The end products consis ted of:  

The c u r r e n t  passing through the- system was 
(1) gases ,  (2)  a c o l o r l e s s  d i s t i l l a t e ,  

I n  t h e  present  study, our a t t e n t i o n  w a s  p r i n a r i l y  d i r e c t e d  t o  t h e  c o l o r l e s s  
The v o l a t i l e  products were vacuum d i s t i l l e d  i n t o  a U-trap a t  -78Oc and 

The GLC r e t e n t i o n  time, 
analyzed by gas chromatography (Fig. 3) .  
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1 5 1  
i d e n t i t y  of each cf t h e  f r a c t i o n s  separated by gas chromatography. 
methyl cyanide, e t h y l  cyanide, a - m i n o a c e t o n i t r i l e  and i t s  C-methyl and N-methyl 

ac ids .  

Ammonium cyanide, 

., homologues were i d e n t i f i e d .  

' a c i d s  under preb io logica l  cord i t ions .  

The u-aminoni t r i les  on hydrolysis  give r i s e  t o  a-amino 
These n i t r i l e s  m y  prcvide a reasonable pathway f o r  t h e  o r i g i n  of amino 

I n  sane cf our discharge experiments, we turned t o  t h e  quest ion o t h e  o r i g i n  T of lnonocarboxylic ac ids  under p r e b i o t i c  condi t ions.  If w e  assume t h a t  pre-ex is t ing  
a b i o t i c a l l y  synthesized f a t t y  a c i d s  were necessary f o r  t h e  func t ioning  of s e l e c t i v e  
menbranes, sone rnechanisn must have e x i s t e d  f o r  t h e i r  formation. The r e a c t i o n  be- > tween methane and ammonia appears t o  provide such a pathway. 
methane and water exposed t o  a semi-corona discharge and t h e  end products  examined 

l a f t e r  saponi f ica t ion ,  t h e  monocarboxylic a c i d s  from C2 - CQ were i d e n t i f i e d .  (7) 

The v o l a t i l e  a c i d s  C 1  - C8 were examined as t h e i r  f r e e  a c i d s  by gas  chromato- 
graphy. 
were then  t rapped and t h e i r  i d e n t i t y  confirmed by mass spectrometry. 'Acids contain- 
ing seven o r  more carbon atoms were analyzed as methyl e s t e r s .  
after chromatography, were exarnined by mass spectrometry. 
obtained by gas  chromatography (Fig. 5 )  only one appears  as t h e  normal methyl es te r .  
Presumably, t h e  renaining peaks represented branched-chain isomers. 

When a mixture of 

\ 

A r e s u l t i n g  chromatogram i s  i l l u s t r a t e d  i n  Figure 4. The. i n d i v i d u a l  peaks 

The methyl e s t e r s ,  
' 
\ 
' O f  e leven major peaks 

' 
~ 

While it i s  c l e a r  t h a t  i n  t h e  case of t h e  longer  chain f a t t y  a c i d s  s e v e r a l  
i soners  have been produced, only a few of t h e  innumerable poss ib le  compounds a r e  
r e a l i z e d .  A p r e f e r e n t i a l  synthes is  of some type appears t o  be favored. Theoret i -  
c a l l y ,  t h e  branching of carbon chains, which is favored i n  free r a d i c a l  reac t ions ,  I 

may be repressed  by s t e r i c  r e s t r i c t i o n s  when t h e  lengthening carbon chains  a r e  

by p lac ing  t h e  aqueous phase i n  c l o s e  proximity with t h e  discharge zone d id  not  
produce any change i n  our r e s u l t s .  

\ absorbed on monolayers. An at tempt  t o  favor  t h e  for-mation of s t r a i g h t  cha in  a c i d s  

1 
I n  t h e  s tudy of p r e b i o t i c  organic synthes is ,  perhaps t h e  most r e l e v e n t  experi-  

nents  involve t h e  use of a l l  t h e  main c o n s t i t u e n t s  of t h e  presumed p r i m i t i v e  e a r t h  
We have t h e r e f o r e  exposed a m i x t u r e  of  methane, ammonia, and water t o  

a discharge from t e s l a  c o i l s  s imula t ing  l i g h t n i n g  on t h e  pr imi t ive  e a r t h .  
' atmosphere. 

' 3f a 24-hour 
'1 ing  methane has  been converted i n t o  organic ccmpounds. O f  t h i s ,  about 45$ i s  found 

188 of t h e  water so luble  material is  i n  t h e  form of cyanide. - The formstion of cyanide i n  t h i s  r e a t i o n  i s  s i g n i f i c a n t  i n  t h e  l i g h t  of the mult iple  

A t  t h e  end 
discharge,  t h e  gas  phase a n a l y s i s  has  shown t h a t  over 90$ of t h e  start- 

i n  t h e  water f rac t ion .  

r o l e  played by hydrogen cyanide i n  organic  synthesis .  ( 8 )  

The a n a l y s i s  of t h e  end products  of t h i s  r e a c t i o n  by p p e r  chromatography r e -  
, v e a l s  that a l a r g e  number of organic  compounds were formed but  none of t h e s e  cor-  

responded t o  t h e  commonly occurr ing amino acids .  
\ appeared a t  t h e  or igin.  However, when t h e  r e a c t i o n  products were hydrolyzed with 
6N HC1 for  24 hours and then  analyzed, a l a r g e  number of amino a c i d s  were formed \ (Fig. 6). Among those i d e n t i f i e d  me nine which are commonly found i n  b i o l o g i c a l  
m a t e r i a l s :  glycine,  a lan ine ,  a s p a r t i c ,  glutamic, threonine,  s e r i n e ,  i so leuc ine ,  
l euc ine ,  and phenylalanine. 

2 confirmed by gas chromatography. 
:lamino a c i d s  were a l ready  polymerized i n  t h e  s o l u t i o n  of end products. 
1 by t h e  use  of a biogel-P column gave us a f r a c t i o n  having a molecular weight i n  t h e  

range 186 t o  about 2,000 and whose 1-dimethylaminonapthalene -5 sulphonyl ch lor ide  
' (DNS) d e r i v a t i v e  showed a s i n g l e  band on e lec t rophores i s .  When t h i s  f r a c t i o n  w a s  

hydrolyzed, t h e  aMno a c i d s  a s p a r t i c ,  se r ine ,  glutamic, glycine,  and a l a n i n e  were 
' obtained. 

A c e r t a i n  amount of m a t e r i a l  

The results obtained by ion  exchange a n a l y s i s  were 
The evidence, t h u s ,  po in ts  t o  t h e  f a c t  t h a t  t h e  

Separat ion 
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This  r e s u l t  i s  s i g n i f i c a n t  i n  t h e  context  of chemical evolut ion.  It has 

genera l ly  been thought, t h a t  amino a c i d s  had f i r s t  t o  be synthesized and then 
cmdensed toge ther  i n t o  a polymer. The synthes is  of a polypeptide i n  an e l e c t r i c  
discharge experiment revea ls  t h a t  such a sequence of r -ac t ions  may not  have been 
necessary. If a s u i t a b l e  condensation agent i s  present  t h e  polymer appears t o  be 
formed as sson as t h e  a c i d s  a r e  s-ynthesized. I n  our case,  t h e  condensation agent  
i s  probably hydr-gen cyanide. 
mixture combined with t h e  f a c t  t h a t  i n  previous experiments we have beeh a b l e  t o  
condense bases and sugars with cyanide support t h i s  hypothesis. 

The presence of 18$ hydrogen cyanide i n  t h e  r e a c t i o n  

, 
The d i f f e r e n t  experlments t h a t  have been described so f a r  r e v e a l  t h a t  impor- 

1 t a n t  b i c l o g i c a l  molecules can be synthesized by t h e  use of a form of energy which 
e x i s t e d  -n t h e  pr imi t ive  ear th .  These condi t ions may be considered t o  be genuinely 
a b i o t i c  s ince  t h e  materials used a r e  t h e  cons t i tuents  of t h e  presumed p r i n i t i v e  , e a r t h  atmosphere, t h e  condi t ions a r e  aqueous, and the  form of  e n e r a  i s  on2 t h a t  
i s  l i k e l y  t o  have sccurred on t h e  e a r t h  before  t h e  appearance of l i f e .  

\ 
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. TAELE I 

SOURCE - 
U l t r a v i o l e t  l i g h t  ( 2500 i) 
E l e c t r i c  discharges 

Radio a c t i v i t y  

Volcanoes 

TABLF: I1 

High Arc 

T o t a l  hours of c u r r e n t  f l o w  1- 5 
Electrode vol tage 
Cell  cur ren t  (m. amp) 
$ L s s  CHq/h 

End prsducts  ($) 
Ethane 
Propane 
Ethene 
Pr=pene 

Acetylene 

1400 
4.0 
6.6 

32 

32 

27 

2 

-- 

ENERGY 
( i n  c a l  em+ p-1) 

570 

4 

0.8 

0.13 

Low Arc 

40 
2500 

0.5 
1.1 

20 
5.2 
2.4 
1.9 

42.5 

Semi -Corona 
48 

9400 
0.3 
0.6 

58. a 
36.8 

1.5 
0.6 
0.0 


